Introduction
AlGaN/GaN-based heterostructure field-effect transistors (HFETs) have shown to be attractive candidates for high power switching applications because of the high breakdown field and the low channel resistance resulting in low transistor on-resistance (R on ). The highest breakdown voltages have been reported for epilayer growth on SiC or Sapphire substrates. However, in view of the lower cost, these high breakdown voltage devices should be preferably fabricated on large diameter Si substrates. Improvement of the breakdown for HFETs on Si substrates has been achieved by using thick AlN/GaN superlattices below the GaN buffer [1] [2] [3] or by using Fe-doping [4] in single heterostructure AlGaN/GaN FETs (SHFETs). We have recently reported the successful growth of double heterostructure FETs (DHFETs) [5] . In this work, we report breakdown results of such AlGaN/GaN/AlGaN devices. Breakdown voltages as high as 650 V have been obtained on devices with small (5-8 μm) gate-drain distance (L gd ) and low R on . It is believed that this high value is a consequence of both the higher breakdown field of the AlGaN buffer and the better confinement of the carriers in the GaN channel in the DHFET device.
Experiment and Results

Buffer Optimization
For AlGaN/GaN/AlGaN heterostructures, we first studied the effect of the total buffer thickness on the buffer breakdown voltage. Fabrication of devices on buffers with different thickness have shown a direct correlation between the epibuffer thickness and the device breakdown.
The epitaxial growth starts with a 200 nm AlN layer, followed by 2 (or 3) AlGaN interlayers with 70, 40 (and 25) % Al concentration and a thick (0.7-2 μm) 8 or 18% AlGaN layer. The DHFET epistructure is completed by the growth of a 150 nm GaN channel, 25 nm 35% AlGaN and a 3 nm in-situ grown silicon nitride layer. More details on the actual epitaxial growth can be found in [5] . We will discuss first the horizontal buffer breakdown, followed by the vertical-and device breakdown.
The dependence of the horizontal buffer breakdown voltage on the total buffer thickness is shown in Fig. 1 . For an isolation mesa recess depth of 0.5 μm, this breakdown voltage was found to be independent of the source-drain gap (2-96 μm). A linear relationship with a 3.2 MV/cm slope was extracted. As indicated on the graph, the values for the DHFETs are considerably higher compared to SHFETs with identical total buffer thickness: for SH structures a 2 μm thick GaN buffer results in 400 V buffer breakdown voltage, while 600 V is achieved for DH structures. Measured in the vertical direction, with the Si substrate grounded, the DHFET buffer breakdown voltage is reduced by a factor 2 (slope 1.6 MV/cm), showing that the low breakdown field in the Si substrate (0.3 MV/cm) is the limiting factor to achieve high breakdown devices and thus as thick as possible buffers are needed. The "average" buffer Al concentration for all epilayers studied is ~35%. The intrinsic material breakdown voltage, interpolated between the 3.3 and 11.7 MV/cm values for GaN and AlN respectively, would then be around 6.2 MV/cm. This is only a factor 4 higher than our experimental value. This discrepancy can be attributed to the high dislocation density (~10 9 cm -2 ) in the buffer layers due to the large lattice mismatch between the GaN and the Si substrate.
Device fabrication
The sheet resistance of all grown DHFET epilayers was ~300±8 Ω/sq, independent of the buffer thickness [5] . Devices were fabricated with the following dimensions: 1.5 μm gatelength, 1.5 μm source-gate distance and 200 μm gatewidth. To study the effect of L gd on breakdown voltage and R on , the gate-drain distance was varied between 5 and 20 μm.
Device isolation was done by Cl 2 etching. Alloyed Ti/Al/Mo/Au was used for the ohmic contacts. The resulting contact resistance was 0.8 Ω⋅mm. Mo/Au was used for the gate metallization. Devices were passivated with 250 nm oxide and Au plating was used as the final interconnect metallization. No fieldplates were processed.
In these AlGaN/GaN/AlGaN double heterostructures extremely low device leakage values were achieved: values below 10 -10 A/mm were measured (Fig. 2) . For a drain bias of 15 V, the maximum transconductance was 120 mS/mm for 1.5 μm gatelength. Device breakdown and on-resistance To achieve high breakdown voltage FETs, devices were processed on a DH epilayer with 2.7 μm total buffer thickness which has a buffer breakdown value of 800 V. The R on was measured by 4-point-probe measurements for L gd values of 5, 8, 15 and 20 μm. Due to the low channel resistance of the DHFETs the values are low compared to the state-of-the art data and obviously very dependent on L gd as illustrated in Fig. 3 . To measure the device breakdown, the source-drain voltage was ramped up till 1 mA/mm drain leakage current while pinching-off the channel using a gate bias of -8 V. The best breakdown values for 5/8/15/20 μm L gd were 577/649/642/641 V respectively. Our results are benchmarked with published [1] [2] [3] [4] data in Fig. 4 . The data show that by using double heterostructures, we have achieved the highest breakdown voltage values published so far for L gd spacings as low as 5 μm. The resulting R on for this device is 7.2 Ω⋅mm. 
Conclusions
The thickness, composition and growth conditions of AlGaN/GaN/AlGaN double heterostructures on 4 inch Si substrates were optimized for power switching applications. The buffer breakdown voltage is linearly dependent on the buffer thickness. The vertical breakdown field is estimated to be 1.6 MV/cm, only a factor 4 below the theoretical limit. In DHFET structures both the electron confinement in the GaN channel and the higher bandgap of the AlGaN buffer result in devices with extremely low leakage currents. Moreover, by using double heterostructures the highest reported breakdown values for small gate-drain spacings, and hence the lowest R on values, were demonstrated. Our results imply that DHFET structures are superior to SHFETs for use in power switching applications.
